Adsorption equilibrium and sorption uptake data have been measured for the system p-ethyltoluene/NaH-ZSM-S zeolite under constant volume/variable pressure condition at elevated ambient temperature of 343 K. The equilibrium data are described by a superposition of two Langmuir isotherms. The uptake curves observed in the present paper revealed devations from the second Fick law behaviour. The experimental uptake curves are compatible with rate mechanism involving Fickian diffusion superimposed by a surface barrier. The evaluation of the model parameters was carried out by simulation of the kinetic curves that include both the interactions of the system with the apparatus and the intrinsic sorption kinetics. The dependence of the fitted model parameters on sorbent amount and pressure, respectively, is consistent with Langmuir sorption kinetics at crystal surface on one side and with the concept of molecule jumps on a system of fixed positions in the crystal bulk on the other.
There does not exist in the literature a systematic treatment of complex kinetic processes involving both the apparatus effects (closed volumes, influence of a valve) and the effect of several rate limiting steps of the transport mechanism within the crystals (e.g. surface barriers). The goal of this paper is to perform the complete analysis of the sorption kinetic process in the system p-ethyltoluene/NaH-ZSM-5 measured under variable pressure conditions.
EXPERIMENTAL
Sorption uptake curves were measured by a constant volume/variable pressure apparatus operated in a differential concentration mode. The experimental arrangement is schematically shown in Fig. I . For a more detailed description of the apparatus cf. refs lo .
ll . The symbols V, p and T stand for the volume, the sorbate pressure in the fluid phase and the temperature, respectively. The subscripts d, v and s refer to the dosing vessel, the sorption vessel (containing the sample) and to the sorbent, respectively. In all the measurements the temperature T d was kept equal to Tv and the pressure Pd was monitored as a function of time t measured by a membrane manometer Baratron with a response time <; 25 ms. A valve with the conductivity K = K(t, Pd, Pv) separates the vessels from each other. The mass flux from the doser vessel into the sorption vessel is limited by a finite valve conductivity K=. During the opening time, to > 0, of the valve, an additional reduction of the mass flux between the vessels acts at the beginning of the experiment. For a more detailed description of the valve effect cf. ref 8 .
DATA TREATMENT
For experimental arrangement described above, the normalized uptake curves Yv and Yd with respect to the pressures in doser vessel and the sorption vessel defined by
can be simulated solving the system of non-linear Volterra integral equations (ef. ref. 8 The sorption equilibrium isotherm was calculated from the set of final states of individual kinetic runs. The NaH-ZSM-5 crystals used were synthesized by Mostovicz (Warsaw). The shape of the crystals is approximately that of an epiped with the dimensions 14 11m x 6.5 11m x 4.5 11m and ratio of Si/Al '" 35. The crystals are twined. The crystal density based on both chemical composition and crystallographic data is p '" 1.82 g cm-3 . For the simulations the crystal shape was approximated by a circumscribing sphere with radius of "" 4.0 11m based on the equivalence of the ratio between the surface and the volume, where the transport across 110 plane of the cpiped is neglected.
The sorbate used was p-ethyltoluene product of Merck-Schuchard (Art. 820046) with a GC purity of 99.2%.
The following values of the apparatus constants have been determined for the re- Uptake measurements were performed with sample crystals arranged in a monolayer formed at plane bottom of"" 20 cm 2 . The mass of the crystals amounted to 14 mg. The uptake curves were measured at the temperature of 343 K. The values of the initial pressure Pd(O) ranged from about 1 Pa up to 250 Pa. After the equilibration of the system, the valve was closed and the pressure Pd(O) in the doser vessel was increased over a differential step. After such a dosing step, the valve was opened and the pressure Pd in the doser vessel was monitored up to subsequent equilibrium state.
RESULTS AND DISCUSSION
The equilibrium data from the measurements are summarized in the form of the adsorption isotherm in Fig. 2 .
The isotherm has been fitted by superposition of two different Langmuir isotherms,
The values of the constants are fitted as follows:
Sorption isotherm for p-ethyltoluene on NaH-ZSM-5 ar 343 K.~: Experimental points; full line: result of simulation P,Pe 
Thus, both the apparatus parameters and the equilibrium data of the mod~equation (2) have been determined. Optional in this equation is only the function H that describes the intrinsic intracrystalline sorption kinetics. Assuming that in the interior of the crystal the second Fick law is valid, the function can be represented by
(ll =0 for a plate, II = I for a cylinder and II = 2 for a sphere). Therein D denotes the diffusivity. For pure diffusion into an isotropic particle one obtains for the constants in Eq. (9) the following equations
'Pn == I and Jo(k n ) =0 for II = I, n~0 , sin (k n ) = 0 for II = 2 (10) where J; stands for the i-th order Bessel function of the first kind.
It has been found, that the assumption of pure diffusion control for the sorption kinetics of p-ethyltoluene in NaH-ZSM-5 observed under conditions of the present paper fails in all the pressure region investigated. Typical examples of uptake curves fitted by the second Fick law solution are shown in Figs 3 and 4 . Particularly, the initial part of the curves cannot be fitted by the solution of the second Fick law.
Surprisingly, no one of the known kinetic models (diffusion with heat dissipation or diffusion with immobilisation) did fit the experimental data except that with a complex mechanis~comprising diffusion superimposed by a surface barrier. For this case the function H is also given by Eq. (9) but with the constants
The dimensionless barrier parameter L is defined as (see ref 13 ) R L=aD (12) The pressure dependence of the barrier coefficient a can be derived from the Langmuir sorption kinetics at the crystal surface. Denoting with a s _ the actual concentration just within the crystal and with a s + the concentration required to maintain equilibrium with surrounding gas phase (cf ref 13, Uptake curves for p-ethyltoluene on NaH-ZSM-5 at 343 K; Pd(O) = 67.14 Pa; pJO) 30.0 Pa. For the notation cf. Fig. 3 where r s and V, denote the surface of the crystal and the corresponding volume of f s ' respectively. Th~value.is stands for the molar flux density from the surface to the interior of the crystal. The value p denotes the sorbate pressure in the fluid phase. The constants k a and k d refer to the molecule transition from the gas phase to the position just behind the concentration discontinuity and in reverse direction, respectively. The value a= denotes the concentration corresponding to the total sorption sites in sorbent. Further on, the concentrat~n a s + -which is given by the sorption isotherm -is reached at the equilibrium where dt a s + =0 and.is =O. Thus, one obtains (14) Subtraction of Eq. (14) from Eq. (13) The measured data were fitted using the barrier model. Figures 5 -8 present some typical examples of the fit. The fitted diffusion coefficients D plotted as a function of the equilibrium sorbed amount a(oo) of the sorbate in the crystals are given in Fig. 9 . Figure 10 presents the corresponding barrier parameters ex as function of equilibrium pressure p= .
The pressure dependence of the barrier parameter ex seems to be consistent with Eq. (16). The coefficients can be approached as k a "" 5 . 10-10 m Pa-I s-I and k d "" 2 . 10-8 m S-I.
The behaviour of the uptake curves should be considered as an experimental finding. Only the barrier model together with a complete description of the interaction of the apparatus with the system was able to fit the measured data. At least the barrier coefficient behaves consistently with the well-known Langmuir kinetics at the surface of the crystals (affinely linear dependence on the pressure p). Consequently, the effect of surface barrier seems to be proved in this particular case. However, one can only speculate why in the system p-ethyltoluene/NaH-ZSM-5 the contribution to the barrier effect to the overall sorption kinetic is comparable to that of intracrystalline diffusion.
On the other hand, the decrease of the diffusion coefficient D with increasing sorbed amount is in accordance with the nature of the system, i.e. with both size and shape of the sorbate molecule and the channel system. In such a system one molecule may represent an obstacle for the other. The interpretation of molecular mobility on the basis of kinetic data obtained for the reported system is essentialy restricted by serious doubts 5 that local equilibrium principle can be applied to system considered. Nevertheless, if the local equilibrium assumption is tentatively accepted at least for the system of straight channels of ZSM-5, one can express the diffusion coefficient D as a product of the selfdiffusion coefficient D* and a thermodynamic factor (Darken factor) 
Here v, I, q, E and 8 denote vibration frequency of the molecule, jump distance, number of directions into which the molecule is able to jump, activation energy of selfdiffusion and the relative loading of the sorbent, respectively.
In the low pressure region (p < Another aspect of the data evaluation is the exact description of the system interaction with the apparatus. The influence of the valve effect on the overall kinetics is more pronounced for faster sorption kinetics. It is essential, that the pressure between the doser vessel and the sorption volume was not generally reached for times t < to (delay time of the valve). An extreme effect is shown in Fig. II . In this case the valve effect is very strong and the pressure Pd becomes too insensitive with respect to variations of the kinetic parameters (diffusion coefficient D). From this reason, the pressure Pd depends mainly on the valve behaviour, i.e. the mass flux through the valve is the limiting rate step, and, therefore, only a lower bound for diffusion coefficient can be estimated.
CONCLUSIONS
Sorption uptake measurements in the system p-ethyltoluenelNaH-ZSM-5 performed under constant volume/variable pressure conditions show kinetic patterns which are consistent with the model of simultaneous diffusion and surface barrier limitation of the overall sorption kinetics.
The analysis of kinetic patterns using Volterra integral equations approach eliminated distorting effects of the valve and gave physically reasonable dependences of barrier coefficient on pressure and diffusion coefficient on zeolite loading ·by sorbate.
